This paper presents the results of an assessment of macro-and microelements in the sediments of lakes laying within protected areas in Poland -the Drawa National Park, the Wel Landscape Park and the Górzno-Lidzbark Landscape Park. In each lake two grab sediment sample were collected: one in the littoral zone and the other in the deepest part of the lake basin. Sediment samples analysed for their content of inorganic carbon (IC) and the loss on ignition (LOI at 550°C) and, according to these parameters classified into three sediment types. Micro-elements were detected with SEM-EDX system and the bioavailability of Zn, Cu, and Fe was evaluated after an extraction with DTPA (diethylenetriaminepentaacetic acid) solution. The most diverse chemical composition of the sediments was observed in the lakes of the Wel Landscape Park Lacustrine sediments were characterized by the heterogeneous content of organic matter (from 11.70 to 52.89%), calcium carbonate (from 0.0 to 42.73%) and mineral fractions (from 38.24 to 79.46%). They consisted of three different types of gyttja (fine grain-size, clayey-calcareous, clayey). The highest content of trace elements was determined in fine grain-size gyttja, which results from their current sorption properties, as well as alimentation by river waters flowing into the lakes. The sediments contained relatively low concentrations of the analysed elements, which was reflected in the low values of the contamination factor (CF), the contamination degree (C deg ), the geo-accumulation index (I geo ) and the enrichment factor (EF). Values of the I geo point out also that these lake sediments were not contaminated by heavy metals. The total content of zinc and copper in some analyzed sediments was higher than the content assumed as acceptable for protected areas. The contribution of bioavailable forms of Zn and Cu ranges from 2.3 to 29.1% for Zn, and from 4.6 to 18.4% for Cu. The type of sediment, and the surface area largely determined the lake sediment chemical composition, while land-use in the catchments had a minor effect. This applies to both lakes of different parks and lakes within each of the parks.
INTRODUCTION
Sediments deposited in lakes constitute a unique record of processes occurring in a given water body and a drainage basin. Changes in the mineral composition of sediments and their content of macro-and micro-elements are important parameters describing the processes occurring in the drainage basin. The chemical composition of the sediments depends mainly on the type of material deposited, the weathering processes and the diagenesis and geochemistry of individual elements (Rollinson, 1993; Solecki and Chibowski, 2000; Mahjoor et al., 2009) . The geochemical composition of lacustrine sediments reflects the current state of the environment. Knowledge about the total content of the elements provides important information on the geochemical properties of the sediment (Boyle, 2000; Chabbi, 2003; Sanei et al., 2010) .
Trace elements bound in the sediments to organic and mineral colloids settling to the lake bottom where they may adversely affect benthic fauna or macrophytes, which are used in the ecological assessment of aquatic ecosystems (Lewander et al., 1996) . In addition, as consequence of resuspension or re-solubilisation process, they can return into circulation in the aquatic ecosystem (Aksoy et al., 2005) . They may constitute a threat to biological life in a given ecosystem as a consequence of secondary contamination (Başyiğit and Tekin-Özan, 2013 ). This process is dependant from the concentration and metal speciation; their mobility is linked to pH and environmental redox potential (KabataPendias and Pendias, 2001) . Geochemical studies have shown the necessity to determine the potentially bioavailable forms of metals as an indicator of their actual toxicity (Głosińska and Siepak, 2006) . XRF (X-ray fluorescence spectroscopy) and SEM-EDX (scanning electron microscope -X-ray energy dispersive) analyses are increasingly used in this type of study. Due to the rate of analysis and the possibility of performing the measurements without the initial preparation of samples, the XRF method is extensively applied in monitoring studies. The SEM-EDX method with N o n -c o m m e r c i a l u s e o n l y a scanning microscope and an X-ray spectrometer allows for qualitative and quantitative analysis of chemical elements with an atomic number above 5, with a detection limit for most of the analytes at ca. 0.1% (Farooqui and Bajpai, 2003; Haley et al., 2006) .
The objective of this study was to determine the geochemical heterogeneity of the sediments in lakes situated within the protected areas to identify reference sites for monitoring programme with the aim to detect changes in the environment exposed to strong anthropopressure.
METHODS
The studied lakes are situated within legally protected areas: the Drawa National Park (DNP), the Wel Landscape Park (WLP) and the Górzno-Lidzbark Landscape Park (G-LLP) (Fig. 1 ). DNP and G-LLP were established in 1990, and WLP in 1995. The parks are located in areas covered by the Vistulian (Weichselian) Glaciation and are characterised by a typical post-glacial relief with outwash plains, moraines, and kames. Lake Grądy and Lake Tarczyńskie have a surface area of over 100 ha and are classified as medium-sized lakes, others as smaller than 50 ha (European Commission, 2000) . Thermal stratification does not occur in these lakes due to their limited depth. Piaseczno Małe, Moczel, Jeleń, Linowiec, Czarny Bryńsk closed lakes (no outflow is visible) and they do not have a visible inlet. In Lake Arkońskie and Lake Zwórzno an outflow is visible. Lake Grądy and Lake Tarczyńskie are ribbon lakes, through which flows the Wel River. Basic morphometric data, geographical locations of the studied lakes and their land use in the catchment are presented in Tab. 1.
In all lakes sediment samples were collected in two points: one in the littoral zone and the other in the deepest part of the lake. At each sampling point it was collected sediment layer using an Ekman's grab sampler with the thickness of ca. 20 cm. Sediment samples were air dried, homogenized and then analysed for their content of inorganic carbon (IC) using a Primacs sc analyser (Skalar, Breda, The Netherlands), and loss on ignition (LOI) at a Geochemical assessment of lake sediments temperature of 550°C. Based on the percentages of organic matter (LOI), calcium carbonate (IC x 8.33 -conversion of inorganic carbon content on the content of calcium carbonate) and mineral fraction, i.e. non-carbonate fraction, the sediments were classified according to the type and class proposed by Markowski (1980) . Macroand microelements were determined in a dry sediment sub-samples with a SEM-EDX (scanning electron microscope -X-ray energy dispersive) system using a LEO Electron Microscopy microscope, model 1430 VP, and a Bruker AXS X-ray spectrometer Quantax 200 with a detector XFlash 4010. The reference material consisted of sediments from the Canada Centre for Mineral and Energy Technology, Ottawa, Ontario. The content of the bioavailable forms of Zn, Cu and Fe was analyzed after extraction with the DTPA (diethylenetriaminepentaacetic acid) solution and expressed as percentage respect to the total concentration of these metals (Lindsay and Norvell, 1978) . The content of Zn, Cu and Fe DTPA-extracted forms was determined by atomic absorption spectrometry (AAS), using a Philips PU 9100 X spectrometer.
There are several classification methods proposed for sediments in water bodies (Macdonald et al., 2000; Burton, 2002; Contaminated Sediment Standing Team, 2003) , including the system referred to as LAWA (1998) . This method divides the sediments into seven geochemical (purity) classes according to heavy metals content: classes I and I-II is considered as the geochemical background value, while class II or higher denote a progressive increase contamination.
For each metal, it was calculated a values of the contamination factor (CF), the contamination degree (C deg ), the geo-accumulation index (I geo ) and the enrichment factor (EF). In all the calculations, the average total content of chemical elements in the upper part of the Earth's crust was defined as the geochemical background value (Taylor and McLennan, 1985; Vrhovnik et al., 2013) . The CF expresses the ratio between the total content of a metal in the sediment and the geochemical background value (Håkanson, 1980) . The sum of all CFs expresses the degree of contamination (C deg ) in the ecosystem.
To assess the effect of anthropogenic factors on the contamination of sediments with heavy metals, the I geo was calculated according to the formula: I geo =log 2 (C n /1.5B n ) (eq. 1)
where: C n is concentration of a metal, B n is the mean total content of a chemical element in the upper part of the Earth's crust (geochemical background); and coefficient 1.5 allows for natural lithological variation (Müller, 1969; Rabee et al., 2011; Rabajczyk et al., 2011; Zhang et al., 2012) . The EF was proposed in the 1970s and originally was used to estimate the concentration and origin of some elements in the atmosphere, precipitation and seawater. Later, this index was used for the assessment of contamination in soil, lacustrine and fluvial sediments, and catchments with no soil cover. At present, calculations of the EF values, which reflect the impact of anthropogenic contamination on the content of heavy metals, are performed based on the following formula (Reimann and de Caritat, 2005) :
where: C n isthe total content of a metal in an environmental sample, C nTi is the total content of Ti as a reference element in an environmental sample, B n is the content of a metal in the geochemical background; B nTi is the content of Ti in the geochemical background. The most frequently used reference element are: Ti, Al, Li, Sc, Zr. These elements are deemed to be conservative, because they are components of minerals resistant to chemical weathering, and hence they do not actively participate in the geochemical cycles and do not have sigTab. 1. Some morphometric data, geographical locations of the studied lakes and the prevalent land use in their catchment. (Li et al., 2001; Sezgin et al., 2003; Duzgoren-Aydin, 2007; Tylmann, 2004) . As previously stated, a geochemical background value for each element was defined taking in consideration its mean concentration in the Earth's crust. For a statistical evaluation of the results, Pearson correlation coefficients using STATISTICA 12.0 software and coefficient of variation (CV) were calculated.
RESULTS
The results of samples classification based on their organic and inorganic compositions were presented in Tab. 2. Lacustrine sediments were characterized by the heterogeneous content of organic matter ranging from 11.70 to 52.89%. Also, the content of IC was heterogeneous -it ranged from below the detection limit (<0.1%) to 42.73% (per CaCO 3 ). The sediment type dominating among the studied lakes is the organic one characterized by a high organic matter content (from 31.06 to 52.89%) and the lack of carbonates.
The most diverse macro element composition was observed in the lakes of the Wel Landscape Park (WL; Figs. 2 and 3), which was confirmed by high values of the coefficient of variation (CV; Tab. 3). Sediments form lakes with the largest surface area, i.e. Grądy and Tarczyńskie (WL1, WL2 and WL3, WL4), had the lowest content of silica and aluminium as well as the highest content in calcium. This might be related to the type of sediment and gyttja present in these lakes (Tab. 2). Samples of clayey gyttja collected from Lake Linowiec (WL7, WL8) were characterised by the lowest loss on ignition. Sediment from Lake Linowiec and Lake Jeleń (WL5, WL6) had the highest content of potassium. Iron showed the lowest variability among the studied lakes ( Fig. 2) with the lowest value in Lake Grądy and Lake Tarczyńskie (WL1, WL2 and WL3, WL4) and Piaseczno Małe Lake (DR3 and DR4).
Magnesium, sodium and potassium, showed the greatest variation and the largest CV variation (Tab. 3) among the three different Parks area often below the geochemical background value. In addition, aluminium displays a large variability from 3.75 to 22.12% and was significantly positively correlated with Si content (r = 0.59, P<0.05). The total content of calcium in particular sediment samples ranged from 4.11 to 57.73%, which reflects large differences between sediment types (Tab. 2). The content of calcium was significantly negatively correlated with the content of silicate and aluminium, respectively: r = -0.83 and r = -0.66, P<0.05.
In the sediment of studied lakes there were small differences in the concentrations of Ni, Pb, and Cu. Nickel, lead and copper concentrations were within or slightly exceeded the geochemical background, whereas the content of zinc was, in many cases, higher than the geochemical background value (Tab. 4). Since it is well known that the labile fraction, not only the total concentration of metals is relevant to organism, we have measured also the soluble fraction of some elements. It was found that in all the area Tab. 2. pH, organic matter, carbonates, mineral composition and their classification according to Markowski (1980) Zinc is the most labile and with little differences across the three area, while larger differences were observed among the different area for copper and iron (Fig. 4) . The CF and EF, as well as the I geo indexes were used to assess the possible contamination from heavy metals and hence give indication about their quality. The CF values for nickel were lower than 1.0 for all the sediment samples. Values for other elements were much more diverse and they ranged from 0.28 to 1.94 for Pb; from 0.56 to 1.27 for Cu. These results suggest a minor to medium contamination of (Fig. 5) .
Values of the I geo point out also that these lake sediments were not contaminated by heavy metals (Tab. 5). The highest I geo values were obtained for zinc with a range between -1.11 and 0.96. The EF was used to estimate the contamination of sediments and to discriminate the contamination sources resulting from natural processes or anthropogenic impact. As indicated by relatively low EF values (Tab. 5), the sediments are not enriched with the analysed trace elements. The EF for sediments from Lake Piaseczno Małe exceeded the value of 2.0 for lead (sample DR3) and zinc (sample DR4), which proves a slight enrichment of these metals in the sediments.
Tab. 4. The content of micro-elements and the sediment quality classes according to LAWA classification (LAWA, 1998) 
DISCUSSION
The most diverse chemical composition of the sediments was observed in the lakes of the Wel Landscape Park (WL). Sediments of the lakes with the largest surface (Lake Grądy and Lake Tarczyńskie) area had the lowest content of silica and aluminium as well as the highest total content of calcium. This should also be related to the type of sediment and gyttja (clayey-calcareous gyttja) present in the lakes. Sediment samples from Lake Linowiec and Lake Jeleń had the highest total content of potassium, which should be associated with the presence of primary and clay minerals rich in potassium (Warren et al., 1996) . The type of minerals found in these sediments samples are derived from a variety of materials, which reflect the glacial and postglacial history of the lakes. This metal is found in association with soil particles and thus its presence indicates changes in soil erosion rates in the watershed. Titanium-containing minerals are resistant to weathering, and therefore they are used to assess the origin of the mineral fraction of the sediment. Titanium as a conservative lithogenic element is also used to study anthropogenic element enrichments in lake sediments (Boës et al., 2011) . Sediments collected from the surveyed lakes had a relatively similar total content of iron. Iron as a conservative tracer is often used to differentiate natural from anthropogenic components of bulk sediment metal concentrations. The content of iron and manganese in the sediments of lakes depends on the genesis of these sediments and redox processes determining the chemistry of these metals (Nealson and Saffarini, 1993; Naeher et al., 2013) , which usually are not subject to anthropogenic accumulation. Their redox-sensitive behaviour in aquatic environments is dependent on the processes of oxidation and reduction of the pairs Fe(II)/Fe(III) and Mn(II)/Mn(IV), which result either in precipitation or (re)dissolution. Especially in lakes, seasonal redox changes in the hypolimnion result in the cycling of Fe and Mn. Both metals have soluble reduced forms and insoluble oxyhydroxides which are readily interconverted in the vicinity of a redox boundary (Davison, 1993) . Lead and zinc had a similar trend with organic matter, but the correlations were not statistically significant. Aluminium showed a large variability among the studied lakes probably as a consequence of accumulation of alumina-silicate minerals transported with suspended matter and enrichment due to weathering process. The acid reaction of soils in the surrounding areas of some lakes is the cause of aluminium release from the structures of primary and secondary minerals. In water ecosystems with pH ranging from 5.0 to 8.5 (Gensemer and Playle, 1999) , the dissolved aluminium compounds are hydrolysed to form solid, amorphous Al(OH) 3 and H + , which leads to a subsequent pH reduction. Aluminium hydroxide binds to phosphorus in the sediment regardless of redox conditions. Content of Al(OH) 3 has a high affinity with inorganic and organic phosphorus (Kennedy and Cook, 1982; Reitzel et al., 2005 Reitzel et al., , 2009 Reitzel et al., , 2013 . Calcium compounds in natural waters are among the most common alkaline earth metals. Their concentration in the Tab. 5. Values of the geo-accumulation index (I geo ) and the enrichment factor (EF) in the studied lakes. The littoral and the deep samples as in Tab. 1. o n l y lake and river waters is affected by the drainage basin geology, the type of land development, as well as the processes occurring in the pelagic zone. Calcium compounds present in the water are derived mainly from dissolution of soil minerals containing calcium. Acid rains contribute to leaching of calcium from the soil. Whereas calcium from fertilizers is a significant source in areas used mainly for agriculture. Calcium carbonate (calcite) present in the lake sediments may occur due to the assimilation activity of aquatic plants (both algae and macrophytes) from calcium bicarbonate present in the water (Wetzel, 1983) . Also calcified exoskeletons of animals are a possible source of calcium carbonate in the sediments. The differences in the calcium content resulted associated with the type of catchment bedrock. Sediments of lakes, whose surroundings are dominated by coniferous forests, are characterized by the low pH values of water and sediments, which prevents accumulation of calcium in the form of calcium carbonate. The examined sediments were characterized by relatively low but heterogeneous content of potassium and sodium in particular lakes, often below the geochemical background value. The obtained content values were similar or lower compared to values obtained for sediments of similar character (Håkanson, 1980; Calanchi et al., 1996; Das and Haake, 2003; Kumar et al., 2009 ). Tab. 6 presents the geochemical background value (Taylor and McLennan, 1985) and the content of macroelements in sediment samples collected from several lakes (Calanchi et al., 1996; Das and Haake, 2003) , including those located in protected areas. Among lakes here considered there were small differences in the concentrations of Ni, Pb, and Cu. Nickel, lead and copper concentrations and their values were within or slightly exceeded the geochemical background. The only exception is Zn that often shows concentration higher than the geochemical background. The relatively high total content of zinc was observed in samples characterised by the high content of organic matter. The mobility of metals is mostly affected by the content of organic matter, texture, mineral composition, sorption capacity, pH and redox potential (Kabata-Pendias and Pendias, 2001; Harmsen, 2007) . Based on the analysis of the research results, it has been found that the content of nickel, lead and copper was within the range of class I and I-II (LAWA, 1998), which point out to a not contaminated and moderately contaminated sediments. Tab. 7 presents a comparison between the trace elements concentration obtained in this study with data present in literature. Based on these comparison, it is evident that the content of chemical elements in the analysed sediments varied within very wide ranges. Due to the complexity of the mechanisms that governs the fate of trace elements in lake sediments, it is very difficult to interpret these results. Anthropogenic heavy metals deposited into sediments and soils as a result of human activities are more mobile than lithogenic and pedogenic metals the origins of which are difficult to distinguish (Kabata-Pendias, 2004) .
The content of the elements in the forms available for plants is important in terms of the biological life in a lake. The total content of zinc in some sediments was higher than the content assumed as acceptable for protected areas. It was found that the sediments did not differ in the content of zinc extracted with DTPA solution, whereas they differed in the content of copper and iron forms. The content of copper extracted with DTPA solution did not exceed the content defined as the geochemical background for the surface layer of the Earth's crust, that is, 25 mg kg -1 (Taylor and McLennan, 1985) , and the content accepted for lacustrine sediments in Poland, that is 6 mg kg -1 (Bojakowska and Sokołowska, 1998) . The average content of zinc in sediment samples collected from 260 lakes in Greater Poland, Pomerania and Masurian Lakelands was 93.0 mg kg -1 (Bojakowska et al., 2014) . The CF and EF, as well as the I geo were used to describe the concentration of trace elements in sediments of the studied lakes in order to assess their quality. Values of the calculated factor indicate minor (CF <1) and medium (1< CF <3) contamination. Much higher CF values were obtained for zinc indicated major contamination. The degree of contamination, defined on the basis of CF values, did not exceed the value of 8 for any of the analysed samples, which indicates low contamination of the examined sediments (Fig. 5) . Values of the I geo indicate also that the sediments of the studied lakes were not contaminated with heavy metals (Tab. 5). The highest I geo values were obtained for zinc; values of the index ranged for this metal from -1.11 to 0.96, which classified the sediments into class 0 or class 1 (basically uncontaminated -uncontaminated or moderately contaminated). The EF was used to assess the contamination of sediments and to identify the contamination sources resulting from natural processes or anthropogenic impact. As indicated by relatively low EF values (Tab. 5), the sediments are not enriched with the analysed trace elements. The EF for sediments from Lake Piaseczno Małe exceeded the value of 2.0 for lead (sample DR3), as well as for zinc (sample DR4), which proves slight enrichment of sediments with these metals. With regard to soil material, values below 5.0 are not recognized as significant, because so small an enrichment may result from local differences in the mineral composition of the analysed soils (Sezgin et al., 2003) .
CONCLUSIONS
The research involved sediments of lakes situated in the protected areas in Poland. They consisted of three different types of sediment, defined on the basis of the content of organic matter, calcium carbonate and mineral fractions.
Sediments collected from the surveyed lakes had a similar total content of iron and titanium, whereas differed N o n -c o m m e r c i a l u s e o n l y in the total content of Al, Mg, K and Na. No differences were found in trace elements concentrations. Nickel, lead and copper concentrations were within or slightly exceeded the geochemical background. The content of zinc was, in many cases, higher than the geochemical background value. Sediments with the highest content of these metals were characterized by a high content of organic matter. The total content of Zn and Cu in some sediments was higher than the content assumed as acceptable for protected areas. The contribution of bioavailable forms of zinc and copper (extracted with DTPA) ranges from 2.3 to 29.1% for Zn, and from 4.6 to 18.4% for Cu. The highest content of the analysed trace elements was determined in fine grain-size gyttja, which results from their current sorption properties, as well as alimentation by river waters flowing into the studied lakes. Sediments of the studied lakes located in the zone of protected areas may provide reference material for monitoring studies and may consti- (Domagalski et al., 1990) 83-85 125-133 394-419 105-113 (Mudroch, 1993) 7-39 3-47 26-87 n.d.-128 (Calanchi et al., 1996) 1.60-2.95 9.7-13. (Goher et al., 2014) 60.5±21.6 61.9±36.0 192±120 54.7±29.1 (Tang et al., 2014) 22 
